The antibacterial activity of a series of 1,4-naphthoquinones was demonstrated. Disk diffusion tests were carried out against several Gram-positive and Gram-negative bacteria. The compound 5-amino-8-hydroxy-1,4-naphthoquinone was the most effective, presenting inhibition zones measuring 20 mm against staphylococci, streptococci and bacilli at 50 µg/ml. Methicillin-resistant Staphylococcus aureus and several clinical isolates of this bacterium were also inhibited. Naphthazarin, 5-acetamido-8-hydroxy-1,4-naphthoquinone, and 2,3-diamino-1,4-naphthoquinone were the next most active compounds. The minimal inhibitory concentration of the active compounds was determined against S. aureus, ranging from 30 to 125 µg/ml. All compounds presented a minimal bactericidal concentration higher than 500 µg/ml, indicating that their effect was bacteriostatic. The EC 50 , defined as the drug concentration that produces 50% of maximal effect, was 8 µg/ml for 5-amino-8-hydroxy-1,4-naphthoquinone against S. aureus, S. intermedius, and S. epidermidis. These results indicate an effective in vitro activity of 5-amino-8-hydroxy-1,4-naphthoquinone and encourage further studies for its application in antibiotic therapy. 
Introduction
Naphthoquinones are widely distributed in plants, fungi, and some animals. Their biological activities have been studied including their effects on prokaryotic and eukaryotic cells (1, 2) .
Plumbagone, juglone and lawsone are naturally occurring naphthoquinones of plant origin that have antibacterial effects on several species of both aerobic and anaerobic organisms (3) , and toxins derived from naphthazarin (5,8-dihydroxy-1,4-naphthoquinone) are produced by Fusarium solani and attack plants, other fungi and bacteria (4) . The antimicrobial activity of the natural naphthoquinone products alkannin and shikonin and their derivatives has been investigated. In general, they are active against Gram-positive bacteria such as Staphylococcus aureus, Enterococcus faecium, and Bacillus subtilis, but they are inactive against Gram-negative bacteria (5) .
Antiparasitic effects of naphthoquinones against Toxoplasma gondii, Leishmania sp (6) , and Plasmodium sp have been reported (7, 8) . In pneumonia caused by Pneumocystis carinii, atovaquone (2-[trans-4-(4-chloro-phenyl)-cyclohexyl]-3-hydroxy-1,4-naphthoquinone) is approved as the drug of choice by the FDA (9) . Antibacterial activity has been described for isoxazolylnaphthoquinones (10) , and some hydroxyquinones and their metal complexes (11, 12) . The fungitoxicity of naphthoquinones (8) , particularly against several species of Candida (13) (14) (15) , and the inhibitory activity of some naphthoquinones on HIV-1 protease have also been described (16, 17) .
The mechanism of action of naphthoquinones has not been completely elucidated. Atovaquone, an analog of ubiquinone, acts by interfering with the electron transport chain of mitochondria at site bc1 (complex III) in Plasmodium species. This consequently inhibits nucleic acid and ATP synthesis (9, 18) . Indeed, ß-lapachone (3,4-dihydro-2,2-dimethyl-2H-naphtho [1, 2] pyran-5,6-dione) is an antimicrobial naphthoquinone that caused increased generation of superoxide anion and hydrogen peroxide in Trypanosoma cruzi (19) . Recent studies indicate that both antibacterial isoxazolyl naphthoquinones and naphthazarin toxins uncouple the electron transport chain (20, 21) .
The development of new antimicrobial agents is a research area of the utmost importance. Antimicrobial resistance among key microbial pathogens continues to grow at an alarming rate worldwide. Resistance among strains of S. aureus, Pseudomonas spp, Streptococcus spp and Enterobacteriaceae has been described (22) (23) (24) . The increased prevalence of antibiotic-resistant bacteria emerging from the extensive use of antibiotics may render the current antimicrobial agents insufficient to control at least some bacterial infections.
The challenge of synthesizing derivatives of natural antimicrobial naphthoquinones to improve their pharmaceutical properties has been accepted by several laboratories. Indeed, the synthesis and evaluation of antimicrobial activity of bioactive analogs of kigelinone (25) , alkannin (5) , and lapachol (26) has been reported. In the present study, we describe the antibacterial activity of a new series of 1,4-naphthoquinones.
Material and Methods

Bacteria
The strains screened for antibacterial activity were clinical isolates obtained at the Faculdade de Veterinária, UFRGS. Strains of Listeria spp were food isolates. Strains of methicillin-resistant S. aureus were isolated at Hospital de Pronto Socorro de Porto Alegre, RS. S. aureus ATCC 25923, S. epidermidis ATCC 14990, S. saprophyticus ATCC 15305, and E. coli ATCC 25922 were from our collection. Stock cultures of the bacterial strains were maintained on nutrient agar plates (Difco Laboratories, Detroit, MI, USA) at 4ºC. Every two months, the bacteria were grown twice overnight in fresh nutrient broth (Oxoid, Basingstoke, UK), then streaked on fresh nutrient agar plates, again grown overnight, checked for purity, and then stored at 4ºC. Strains of Streptococcus were submitted to susceptibility tests after isolation on 5% sheep blood agar.
Naphthoquinones
The twelve naphthoquinones studied here were synthesized as described elsewhere (27, 28) , and their structures are shown in Figure 1 . The degree of purity was determined by standard procedures (thin layer chromatography, melting point, elemental analysis). The structures were confirmed by proton nuclear magnetic resonance ( 1 H-NMR), 13 C-NMR, infrared spectroscopy, UV-visible spectroscopy, and mass spectrometry.
Growth determination
Determination of colony-forming units (CFU/ml) was carried out as described elsewhere (29) . Bacterial suspensions were di-luted at 10 -1 to 10 -8 in phosphate-buffered saline, samples were homogenized, and then loaded in triplicate amounts of 20 µl onto nutrient agar plates. Plates were incubated for 24 h at 37ºC, and counting was done on plates containing 30 to 100 colonies.
Susceptibility tests
The susceptibility tests were performed according to the NCCLS recommendations (30, 31) . Screening tests regarding the inhibition zone were carried out by the filter paper disk method (30, 32) . The inoculum suspension was prepared from colonies grown overnight on an agar plate, and inoculated into Mueller-Hinton broth (Merck, Darmstadt, Germany) to yield a 0.5 McFarland turbidity standard solution. A sterile swab was immersed in the bacterial suspension and used to inoculate Mueller-Hinton agar plates. The disks were applied to the surface of inoculated plates using a sterile forceps.
The compounds were dissolved in dimethylsulfoxide (DMSO) or dimethylformamide (DMF), and then applied to the disks. The inhibition zone was measured around each disk after 24 h at 37ºC. Strains of Streptococcus pyogenes and Enterococcus faecalis were tested on Mueller-Hinton agar plates supplemented with 5% sheep blood (32) . Controls using DMSO and DMF were adequately done. To assess the minimal inhibitory concentration (MIC) defined as the drug concentration at which no growth was visible, 96-well sterile microplates (Corning Inc., New York, NY, USA) were filled with 0.1 ml of serial two-fold dilutions (500 to 0.12 µg/ml) of the different naphthoquinones. The compounds were diluted in MuellerHinton broth from a 10 mg/ml stock solution in DMSO. A standardized number of bacteria (0.1 ml of a 10 6 CFU/ml suspension in Mueller-Hinton broth) were inoculated into each well. A growth well (broth plus inoculum) and a sterility control well (broth only) were included in each panel. Microplates were incubated at 37ºC for 24 h, and then MIC was determined as the last dilution at which no increase in visual turbidity was observed (31, 32) . MIC values were determined in the absence or presence of 1% bovine serum albumin. The minimal bactericidal concentration (MBC), defined as the concentration producing a ≥99.9% reduction in CFU number in the initial inoculum, was determined by subculture on nutrient agar as previously described (31, 32 A. Brandelli et al.
Determination of EC 50
EC 50 is the drug concentration that produces 50% of maximal effect (33) . This procedure was carried out for the compound 5-amino-8-hydroxy-1,4-naphthoquinone. The microorganisms were grown in MuellerHinton broth to yield a suspension containing 10 6 CFU/ml, and then added to sterile tubes containing the naphthoquinone to obtain final concentrations of 1, 10, 30, 100, and 1000 µg/ml. Tubes were incubated at 37ºC for 24 h, and CFU were then counted for each tube.
Results
The antibacterial effect observed for this family of naphthoquinones against S. aureus is presented in Table 1 . Compound II (5-amino-8-hydroxy-1,4-naphthoquinone) presented the widest inhibition zones. The activity of related compounds was in the following order: II>I, IIa>IIIb>IIb, IIIa, IIIc>IId>IIc, IIe. Inhibitory activity was not observed for compounds IIf, which contains four bulky bromo atoms, and IV, which has an amino group replacing the keto group at position 1. The ATCC strain presented expected inhibition zones against antimicrobial agents that are used therapeutically (32) . The effect of these compounds on S. aureus strains of clinical origin or of collection origin (ATCC) was similar (Table 1) . Methicillin-resistant Staphylococcus aureus (MRSA) strains were also inhibited by some naphthoquinones tested, whereas they were resistant to all the comercially available antimicrobial agents tested, except vancomycin.
The most effective naphthoquinones were tested against other microorganisms listed in Table 2 . Compound II inhibited the growth of several species of staphylococci, bacilli, streptococci, and some Gram-negative bacteria such as Proteus mirabilis, Salmonella gallinarum, and Aeromonas hydrophila. Compound IIb inhibited the growth of staph- ylococci and bacilli. P. mirabilis, A. hydrophila and S. gallinarum were also inhibited by compounds I and IIb. The MIC of naphthoquinones was determined against S. aureus (Table 3 ). The compounds presented MIC values in the 30-125 µg/ml range, except for compounds IIc, IId, and IIe, which showed MIC values higher than 500 µg/ml. These compounds also presented lower inhibition zones in disk diffusion tests (Table 1) . Lower MIC values were observed for molecules bearing most hydrophilic groups. The presence of 1% (w/v) serum albumin in culture media often caused increased MIC values (Table 3) . Similar results were obtained against ATCC and MRSA strains.
In tests for determination of MBC, bacterial growth was higher than 0.1% the CFU in the initial inoculate. This resulted in MBC values higher than 500 µg/ml for all compounds tested. The MBC values obtained for the naphthoquinones tested indicate their bacteriostatic activity.
The dose-response effect of compound II was tested against different species of Staphylococcus. Similar dose-response curves were observed for S. aureus, S. epidermidis, and S. intermedius, presenting an EC 50 of approximately 8 µg/ml (Figure 2 ).
Discussion
The search for new antimicrobial agents is an important line of research because of the resistance acquired by several pathogenic microorganisms. The prevalence of strains of S. aureus resistant to conventional antibiotics has increased to high levels in some hospitals (34, 35) . This bacterium is one of the most prevalent microorganisms in nosocomial infections worldwide and methicillin-resistant strains represent 15-45% of all S. aureus isolates (36) . MRSA isolates carry the mec gene, a 2130-bp DNA fragment of non-staphylococcal origin encoding a low antibiotic-affinity penicillin-binding protein (37) . Since methicillin resistance was first identified in a clinical isolate of S. aureus, its incidence has increased significantly, MRSA has spread globally, and the mec gene has also been detected in several other staphylococcal species (37, 38) . Specifically, S. aureus growth, including MRSA, was effectively inhibited by compound II and other derivatives, suggesting the applicability of these naphthoquinones against staphylococci.
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Log CFU/ml intermedius (triangles). The microorganism suspension containing 10 6 CFU/ml was added to sterile tubes containing compound II to obtain the indicated final concentrations. CFU were determined for each tube after 24-h incubation at 37ºC. their structure-activity relationship. Some studies indicate that the antibacterial activity of a family of isoxazolylnaphthoquinones requires a free keto group at position 1, and the substituent at position 2 must be a hydroxyl group (10) . The naphthoquinones tested in the present study have a free keto group, but the most effective ones do not have a hydroxyl group at position 2. Compound IIb, which has a hydroxyl group at this position, showed lower activity than compound II. Indeed, compound IV did not cause inhibition, suggesting that the free keto group at position 1 is required for activity.
Another study of the antimicrobial activity of 1,4-naphthoquinones indicated that active compounds must possess at least a substitution at position 2 or 3, which is either an electron-releasing or weaker electronwithdrawing group (14) . Consequently, the hydrogen bonding capacity is enhanced and allows the compound to bind more strongly to its site of action. Moreover, excess hydrophilicity or lipophilicity causes a loss of activity (14) because the oil/water partition coefficient must be adequate for the activity of the compound. These effects were observed in the compounds tested in the present study. A substitution at position 2 or 3 was not always present in these compounds, as exemplified by compounds I and II, which were the most active. When substitutions are present at these positions, they must be electron-releasing, as in IIIb, for increased activity. If the substitution is electron-withdrawing as in IIc, IIIa, and IIIc, there is a decrease in activity. The addition of a hydrophilic group, hydroxyl at position 2 (IIb), caused a decrease in activity. The excess of lipophilicity, as observed in compounds with nalkyl substituents with ten or more carbons (IId and IIe), resulted in loss of activity.
Chemically related compounds were also effective against staphylococci, presenting similar MIC values (3, 10, 39) . Particularly, isoxazolylnaphthoquinones show MIC ranging from 16 to 64 µg/ml against different clinical isolates of S. aureus, suggesting their potential application as antimicrobial agents (10) . These compounds also protected mice infected with S. aureus, inhibiting septicemia in vivo (40) . Among the naphthoquinones tested in the present study, compound II presented the highest inhibition zone and a MIC of 30-60 µg/ml. In addition, it was active against other Gram-positive and some Gram-negative bacteria, suggesting effective antibacterial activity.
Juglones are naturally occurring naphthoquinones of plant origin that present antimicrobial activity (12) , showing a ten-fold increase in MIC values in the presence of serum albumin (3). The antimicrobial activity of the compounds tested appears to be minimally altered by albumin, indicating a more effective activity compared to juglones. Plant extracts containing these quinones of plant origin are used for various diseases in India (12) , suggesting the absence of adverse physiological effects. Preliminary toxicity and protection studies indicate that compound II has no adverse effects on rats (data not shown).
On the basis of its activity against clinical isolates of S. aureus, including MRSA, 5-amino-8-hydroxy-1,4-naphthoquinone merits further studies to determine its pharmacological properties in vivo and its potential for antimicrobial therapy.
